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It is now well documented that motoneurons are specified to innervate particular target muscles prior to axon outgrowth.
Here we investigate whether sensory neurons are similarly specified to innervate target skin or muscle, taking advantage of
the avian trigeminal system where cutaneous and muscle afferents are anatomically separate. Using this system, we have
previously shown that by embryonic day 10 (E10) (approximately 4–5 days after target innervation), regenerating cutaneous
and muscle afferents differ in their response to various potential targets in vitro, in manners consistent with their normal
innervation patterns in vivo. Thus, by E10 these two populations of sensory neurons have distinct identities as skin and
muscle afferents. In contrast, we report here that the responses of younger, naive cutaneous and muscle afferents that have
not yet, or only recently, innervated peripheral targets are indistinguishable, regardless of the target tissue tested. These
findings suggest that at stages when innervation is being established, cutaneous and muscle afferents, unlike motoneurons,
may not yet have acquired rigidly specified identities and/or the ability to recognize and respond selectively to their
appropriate peripheral targets. © 1998 Academic Press
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INTRODUCTION
A neuron’s phenotype is defined by its morphology,
neurotransmitter repertoire, functional properties, and ana-
tomical connections. A key question in developmental
neurobiology is how and when such phenotypic character-
istics are determined. Lineage analysis has clearly shown
that neurons are not predetermined for a given fate. Indeed,
neurons derived from a common precursor can project to
diverse targets, as well as have different biochemical or
functional properties (e.g., Raper et al., 1983; Frank and
Sanes, 1991; Golden and Cepko, 1996; Kalyani et al., 1998).
For example, neural crest gives rise to both autonomic and
sensory neurons, which project to a wide variety of targets
in skin, muscle, and viscera (Le Douarin, 1982). Moreover,
relatively mature, postmitotic autonomic (Patterson and
Chun, 1977; Schotzinger and Landis, 1988) and sensory
(Lewin et al., 1992) neurons can actually change their
phenotypes in response to signals from the environment.
Similarly, during normal embryonic development envi-
ronmental signals appear to play important roles in the
specification of neuronal phenotype. For example, prior to
axon outgrowth motoneurons become specified to inner-
vate particular target muscles in response to signals from
their local environment (Eisen, 1994; Appel et al., 1995;
Matise and Lance-Jones, 1996). Whether sensory neurons
are similarly specified to innervate their targets in skin and
muscle is unknown. Some phenotypic characteristics of
sensory neurons, such as the central connections, are not
acquired until after target innervation and appear to be
determined by the target (Wenner and Frank, 1995). In the
present study we have examined whether sensory neurons
are specified to innervate particular peripheral targets—that
is, whether sensory neurons have identities as skin and
muscle afferents—prior to axon outgrowth. To investigate
this problem we have taken advantage of the avian trigemi-
nal system, where cutaneous and muscle afferent cell
bodies are positioned in anatomically separate regions and
can be readily isolated and grown in vitro at early develop-
mental stages. Using this system we have previously shown
that by embryonic day 10 (E10) (approximately 4–5 days
after target innervation), regenerating trigeminal cutaneous
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and muscle afferents clearly differ in their response to
various potential targets in vitro, in manners consistent
with their normal innervation patterns in vivo. For ex-
ample, regenerating cutaneous neurites retract from epider-
mis, whereas muscle afferents do not. Regenerating cutane-
ous neurites grow robustly on dermis, whereas muscle
afferents do not. Thus, by embryonic day 10 these two
populations of sensory neurons have distinct identities,
having acquired the phenotypic characteristics of cutane-
ous or muscle afferents (Woodbury and Scott, 1995).
The question remains as to when during development
these phenotypic differences arise. Are the distinctions
between cutaneous and muscle afferents determined prior
to axon outgrowth or do they, like the central connections,
result from interactions with the target? To resolve this
question, we have investigated whether younger trigeminal
cutaneous and muscle afferents that have not yet, or only
recently, innervated peripheral targets also show differ-
ences in their response to potential targets in vitro. The
finding that naive neurons, like their more mature counter-
parts, respond appropriately to various targets in vitro
would suggest that sensory neurons already have distinct
identities as cutaneous or muscle afferents prior to target
innervation.
Instead, we found that the growth cones of naive trigemi-
nal cutaneous and muscle afferents responded similarly to
each potential target tested in vitro, in experimental situa-
tions where older, regenerating neurons showed clear dif-
ferences in behavior to these same targets. These results
suggest that sensory neurons may not yet have distinct
identities at the stage when innervation is being estab-
lished, raising the possibility that during normal develop-
ment sensory neurons grow rather nonselectively to periph-
eral targets, which then determine their differentiated
characteristics. Some of these results have been presented
previously in abstract form (Adams and Scott, 1997).
MATERIALS AND METHODS
Cultures
Cultures were established from White Leghorn chicken embryos
from fertile eggs provided by a local supplier. Embryos were staged
according to Hamburger and Hamilton (1951) at the time of
sacrifice.
Skin. Dorsal skin was removed from St. 29–30 (E7) embryos,
cut into several pieces, and separated into dermis and epidermis
(modified from Woodbury and Scott, 1995). Briefly, skin was
incubated in 0.5% trypsin (Sigma, T-2271, St. Louis, MO) in
calcium–magnesium-free phosphate-buffered saline (PBS) on ice for
8.5 min. Skin was then transferred to F12 (GIBCO, Grand Island,
NY) plus 10% horse serum and separated into epidermis and
dermis with tungsten needles. Explants of epidermis and dermis
were plated in glass-bottomed wells coated with poly-D,L-ornithine
(500 ng/ml 0.15 mM borate buffer, pH 8.7; Sigma, P-8638) and
laminin (20 mg/ml PBS; GIBCO) and grown in F14/N2 medium [F14
(GIBCO) supplemented with N2 additives (GIBCO), 23 mM
NaHCO3, 50 units/ml penicillin, and 50 mg/ml streptomycin
(pen/strept)]. Neural explants (see below) were plated simulta-
neously with skin explants or several hours later.
Muscle cells. Cultures of muscle cells were established from
either E5 (St. 25–27) or E12 (St. 38) embryos. To establish cultures
of myoblasts from E5 embryos, the mandibular arches were re-
moved from 5 to 10 embryos, and the cartilaginous midregion was
discarded. The lateral portions containing the precursors of jaw
adductor muscles were minced in PBS, incubated in 0.1% trypsin
in PBS at 37°C for 20 min, and triturated in DMEM1 [DMEM
(GIBCO, 11965), plus 10% horse serum, 10% embryo extract
(GIBCO, 15115), and pen/strept]. Mandibular arch contains a vari-
ety of cell types, including chondrogenic cells, myoblasts, and skin.
Thus, cultures were enriched for myoblasts using a procedure
modified from Sasse et al. (1984). Dissociated cells (2–5 3 106) were
plated in 35-mm tissue culture dishes at 37°C. After 3 h, cultures
were washed to remove any nonattached cells. Cultures were then
incubated overnight in fresh DMEM1 containing approximately
2–3 mg/ml CSAT antibody (Developmental Studies Hybridoma
Bank, Iowa City, IA) to preferentially detach myogenic cells. The
next morning detached cells were collected, washed several times
with DMEM1, and resuspended at approximately 2–5 3 105
cells/ml. Twenty to 30 ml of the cell suspension was placed in the
center of glass-bottomed wells containing 300 ml DMEM1. Alter-
natively, a silicon ring was placed in an empty glass-bottomed well,
and 20–30 ml of cell suspension was placed in the center of the ring
(Woodbury and Scott, 1995). After 1–2 h, rings were removed and
300 ml of DMEM1 was added to each dish. Medium was changed
every other day. Two to 4 days after myoblasts were plated,
medium was replaced with F14/N2 and neural explants were added
around the perimeter of the well.
To establish muscle cultures from older embryos, myoblasts
were isolated from jaw adductor muscles of E12 embryos using
standard procedures (Prives et al., 1987). Myoblasts were plated in
the center of glass-bottomed wells, as described above. Three to 4
days later, DMEM1 was replaced with F14/N2 and neural explants
were added around the muscle cells (Woodbury and Scott, 1995).
Neurons. The trigeminal mesencephalic nucleus (TMN) and
the dorsomedial pole of the trigeminal ganglion (DM-TG) were
dissected from St. 26–27 (E4.5–E5) embryos, using a procedure
modified from Davies (1989). The TMN consists exclusively of
muscle afferents, most of which project to jaw closer muscles (von
Bartheld and Bothwell, 1993). The DM-TG contains primarily, but
not exclusively, neural crest-derived cutaneous afferents (D’Amico
Martel and Noden, 1983). For simplicity, these explants will be
referred to as muscle and cutaneous afferents, respectively. Neu-
rons from E5 embryos were chosen for study because at this stage
most DM-TG and TMN neurons are still en route to, or have only
recently innervated, their respective targets (Corvell and Noden,
1989; von Bartheld and Bothwell, 1993) and are thus considered to
be “naive.”
Dissected neural tissue was cut into small pieces with tungsten
needles and distributed around explants of epidermis or dermis or
around the perimeter of dishes containing muscle cells, in regions
of the dish where muscle cells were sparse and individual muscle
cells were relatively isolated. Cultures containing DM-TG neurons
were supplemented with 15 ng/ml NGF (GIBCO or Sigma) and
NT-3 (Regeneron Pharmaceuticals, Inc., Tarrytown, NY); cultures
with TMN neurons were supplemented with 15 ng/ml BDNF
(Regeneron Pharmaceuticals, Inc.) and GDNF (Promega, Madison,
WI).
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FIG. 1. Time-lapse images of naive E5 sensory growth cones encountering epidermis from E7 embryos. (A) A growth cone of a cutaneous
(DM-TG) neuron collapsed and retracted within minutes of touching epidermis. The lamellopodium of the contacted epidermal cell
detached from the rest of the explant, a very rare occurrence. (B) A growth cone of a muscle afferent (TMN) also collapsed and retracted upon
contact with epidermis. (C) A cutaneous neurite grew along the edge of the epidermal explant, without growing onto the epidermis. Note
that the field of view is shifted slightly between the second and third panels. (D) A cutaneous neurite sat at the edge of the epidermis,
without growing on or retracting. The epidermal explant expanded into the field of view during the recording session. Numbers indicate
elapsed time in minutes. Scale bars are 20 mm.
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Immunocytochemistry
To verify the identity of cells in E5 myoblast cultures, myoblasts
were isolated as described above. Cells were plated on 22-mm
coverslips coated with poly-D,L-ornithine and laminin and grown
for 3–4 days in DMEM1 in 35-mm petri dishes. Cultures were
fixed in 4% paraformaldehyde, blocked with 5% normal goat
serum (NGS) and 0.1% Triton X-100 in PBS, and incubated over-
night in an antibody to a myogenic marker. Antibody 13F4 (1:5;
Developmental Studies Hybridoma Bank) labels an unidentified
epitope present in all embryonic myogenic cells and differentiated
muscle cells (Rong et al., 1987). Antibody MF20 (1:10; Develop-
mental Studies Hybridoma Bank) labels avian myosin heavy chain
at all stages of embryonic development (Bader et al., 1982). The
next day cells were stained with an FITC-coupled secondary
antibody, and coverslips were mounted on slides in glycerol con-
taining 0.1% p-phenylenediamine. Each coverslip was systemati-
cally scanned with phase microscopy to identify cells that appeared
to be muscle cells based on morphology. These cells were then
viewed with fluorescence optics to determine whether or not they
expressed the myogenic marker protein, and the percentage of
muscle-like cells that were indeed myogenic was calculated.
Time-Lapse Recordings and Analysis
Interactions between growth cones and potential targets were
followed with time-lapse videomicroscopy, 16–30 h after addition
of neural explants, as described in Woodbury and Scott (1995).
Wells were filled with equilibrated F14/N2 containing the appro-
priate neurotrophic factors, sealed with a coverglass, and placed on
the stage of an Olympus IMT2 inverted microscope, housed in a
temperature-controlled chamber maintained at 37°C. Images were
captured every 15–30 s with a Pulnix CCD camera and stored on a
Panasonic optical memory disc recorder. To calculate growth rate,
the distance to the tip of the neurite was measured from an
arbitrary point on the screen at 5- to 10-min intervals, and the total
distance grown during the elapsed time was calculated. The angle
at which each neurite approached an explant of epidermis or a
muscle cell and the angle at which it crossed the muscle cell were
measured from stored images. In addition, we used these proce-
dures to reanalyze interactions of E10 neurites with E12 jaw
adductor muscle cells from images recorded by Woodbury and
Scott (1995).
RESULTS
The goal of the present experiments was to determine
whether naive cutaneous and muscle afferents growing to
their targets for the first time would show differences in
their responses to various potential targets—epidermis,
dermis, and muscle cells—comparable to those observed for
older, regenerating cutaneous and muscle afferents (Wood-
bury and Scott, 1995).
Interactions of neurites with epidermis. We first exam-
ined interactions of cutaneous (DM-TG) and muscle (TMN)
afferents from E5 embryos with E7 epidermis. In birds,
epidermis is not innervated. Cutaneous nerves and special-
ized sensory receptors are restricted to dermis in vivo
(Saxod, 1978; Nafstad, 1986), and in vitro avian epidermis
inhibits the growth of sensory neurons (Verna, 1985; Verna
et al., 1986; Honig and Zou, 1995; Woodbury and Scott,
1995; Cahoon et al., 1996). Thus, it was not surprising that
neither cutaneous nor muscle afferent neurites grew onto
epidermal explants. What was surprising, however, was
that the responses of naive cutaneous and muscle afferents
to epidermis were indistinguishable. Approximately two-
thirds of both cutaneous (13/21) and muscle afferent (13/18)
growth cones retracted upon contacting epidermis (Figs. 1A
and 1B). Retraction occurred rapidly, usually within 15–20
min after initial contact. The average time that neurites
were in contact with epidermis before retracting was the
same for cutaneous and muscle afferents (13.7 6 13.9 and
19.3 6 17.2 min, mean 6 SD, respectively; P 5 0.369, t test).
FIG. 2. Bar graphs summarizing the outcome of encounters of
sensory growth cones with E7 epidermal cells. (Top) E5 cutaneous
(DM-TG, n 5 21) and muscle afferents (TMN, n 5 18). The bin
labeled “Sat at edge” includes neurites that stopped growing upon
contact with epidermis, as well as neurites that grew along the edge
of the explant. (Bottom) E10 cutaneous (n 5 20) and muscle
afferents (n 5 22); E10 data are replotted from Woodbury and Scott
(1995).
213Interactions of Sensory Neurons with Targets
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
Neurites that did not retract either grew along the perim-
eter of the epidermal explant (Fig. 1C) or simply sat at its
edge (Fig. 1D) and were still in contact with epidermis at the
end of the recording session (at least 1 h after initial
contact). Approximately equal proportions of cutaneous
and muscle afferents exhibited each of these behaviors, as
summarized in Fig. 2. The reason for the heterogeneity
among cutaneous and muscle afferents is not clear. How-
ever, neurites that grew along the perimeter of the epider-
mis tended to approach the explant from a more acute angle
than those that retracted. For example, cutaneous neurites
that eventually retracted had approached the epidermis
nearly head on (average angle of approach 5 76.2 6 11.9
degrees, n 5 13), whereas those that grew along the perim-
eter had approached more obliquely (48.5 6 19.0 degrees,
n 5 4; P 5 0.003, t test). Similar results were observed for
muscle afferents [71.3 6 13.8 (n 5 13) vs 52.3 6 10.4 (n 5 3),
respectively; P 5 0.043]. Thus, the angle at which a neurite
approached epidermis appeared to contribute to its subse-
quent behavior.
The overall similarity in response of naive sensory neu-
rons to epidermis stands in sharp contrast to the marked
differences in behavior of mature, regenerating cutaneous
and muscle afferents upon contacting epidermis. As sum-
marized in Fig. 2, most cutaneous neurites from E10 em-
bryos retracted from epidermis, whereas nearly all muscle
afferents from E10 embryos remained in contact (Woodbury
and Scott, 1995). Similar distinctions between naive and
regenerating neurons were observed for all three targets
examined, as described below.
Interactions with dermis. The usual target of cutane-
ous nerves in birds is the dermis. As expected, nearly all
(9/10) naive cutaneous neurites grew robustly on dermis, at
rates (76.1 6 23.4 mm/h, mean 6 SD) comparable to their
growth on the polyornithine/laminin substrate (79.8 6 29.8
mm/h; P 5 0.809, paired t test) (Fig. 3A). The remaining
neurite stopped growing at the edge of the explant without
extending onto the epidermis. Surprisingly, nearly all naive
muscle afferents (9/11) also grew as well on dermis (109.8 6
37.2 mm/h, n 5 9) as they did on the substrate (98.3 6 50.7
mm/h; P 5 0.575, paired t test) (Fig. 3B). The remaining two
muscle afferents retracted upon contacting dermis. None of
the neurites shortened after invading dermis, or retreated to
the substrate, as was frequently observed for mature, regen-
erating trigeminal muscle afferents (Woodbury and Scott,
1995). Thus, it was impossible to distinguish between the
FIG. 3. Time-lapse images of naive E5 sensory growth cones encountering dermis from E7 embryos. (A) A cutaneous neurite grew robustly
on dermis. Arrows indicate locations of growth cones. (B) Muscle afferent growth cones also grew well on dermis. Note that the growth cone
split, and both processes grew extensively on dermis. Arrows indicate locations of growth cones. Field of view is shifted slightly between
panels 2 and 3 and between panels 3 and 4. Asterisks indicate the same dermal cell in panels 3 and 4. Numbers indicate elapsed time in
minutes. Scale bars are 20 mm.
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responses of naive cutaneous and muscle afferents to der-
mis, whereas the behaviors of mature, regenerating cutane-
ous and muscle afferents differed dramatically in the same
experimental situation, as summarized in Fig. 4.
Interactions with myogenic cells. During normal devel-
opment, muscle afferent axons grow into a muscle mass
consisting of myoblasts and myotubes, where they induce
the formation of spindles (Zelena´, 1994). The muscle affer-
ents studied here (TMN neurons) normally provide sensory
innervation to jaw adductor muscles derived from the
mandibular arch (McClearn and Noden, 1988). To test the
specificity with which trigeminal sensory neurons interact
with nascent muscles, we first analyzed cocultures of E5
sensory neurons with myogenic cells derived from age-
matched appropriate muscles, i.e., myogenic cells from E5
mandibular arch.
Because the procedure we used to isolate muscle cells
from mandibular arch differed from standard procedures for
isolating myoblasts (see Materials and Methods), it was
important to verify the identity of the cells in these cul-
tures. To this end, we stained mandibular arch cultures
with muscle-specific antibodies. Cells were first classified
as myogenic (muscle) or nonmuscle, based on their overall
morphology. Mononucleate, spindle-shaped cells (presum-
ably myoblasts) and flattened or spindle-shaped,
multinucleate cells (presumably myotubes) were classified
as myogenic; the remaining cells were classed as non-
muscle. Presumptive muscle cells were then scored for the
presence or absence of label. Nearly all of the cells that were
judged morphologically to be muscle cells were indeed
myogenic; 92.9% of such cells expressed MF20 (763/821
cells in six dishes from two separate experiments), and
93.2% expressed 13F4 (973/1044 cells in five dishes from
two separate experiments).
Naive muscle afferents did not show any obvious prefer-
ence for their appropriate targets. Instead, the behavior of
muscle afferent growth cones was quite variable in encoun-
ters with mandibular arch muscle cells. Many muscle
afferents (12/21) crossed over the muscle cell and kept
growing on the substrate on the other side (Fig. 5B). A few
(3/21) grew along the edge of the muscle cell without
crossing, several other muscle afferents retracted (5/21) (Fig.
5C), and one simply stopped growing upon contact with the
muscle cell. This type of variability was reminiscent of the
heterogeneous behavior of mature, regenerating muscle
afferents in encounters with myotubes from E12 jaw adduc-
tor muscles (Woodbury and Scott, 1995). Surprisingly, naive
cutaneous afferents exhibited similarly heterogeneous be-
havior in response to muscle cells. Many naive cutaneous
afferents (16/21) eventually crossed over mandibular arch
muscle cells (Fig. 5A), but a significant number grew along
the edge (4/21) (Fig. 5D) or retracted (4/21); some cutaneous
growth cones exhibited two distinct classes of behavior
during the recording session and thus are scored in two
categories. In contrast, nearly all (20/22) mature, regenerat-
ing cutaneous neurites crossed over myotubes from E12 jaw
adductors (Woodbury and Scott, 1995). Thus, although the
behaviors of both naive cutaneous and muscle afferents
were heterogeneous in response to E5 muscle cells, the
overall behaviors of the two populations of neurites were
indistinguishable. In contrast, mature, regenerating cutane-
ous and muscle afferents had distinctly different responses
to E12 myotubes, as described above (Woodbury and Scott,
1995). These differences in behavior are summarized in Fig.
6, top left and lower right panels, respectively.
Moreover, naive and regenerating neurons differed in the
manner in which they crossed muscle cells. Growth cones
of young neurons tended to spread out and/or grow along
the edge of muscle cells before crossing. Occasionally
growth cones split, with both of the resulting neurites
FIG. 4. Bar graphs summarizing the outcome of encounters of
sensory growth cones with E7 dermis. (Top) E5 cutaneous (DM-TG,
n 5 10) and muscle afferents (TMN, n 5 11). (Bottom) E10
cutaneous (n 5 24) and muscle afferents (n 5 23); E10 data are
replotted from Woodbury and Scott (1995).
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growing along the edge before crossing (e.g., Fig. 5A). Thus,
naive neurites generally crossed over muscle cells at a more
oblique angle than the angle at which they initially ap-
proached the cell. For example, cutaneous neurites con-
tacted mandibular arch muscle cells at an angle of 61.8 6
14.5 degrees, but crossed the cells at 42.8 6 22.2 degrees
(P , 0.01, paired t test); muscle afferents approached at
67.3 6 20.1 degrees and crossed at 36.3 6 20.6 degrees (P #
0.001). Moreover, neurites occasionally turned to grow
along the far edge of the muscle cell after crossing, before
turning again to continue growth on the substrate. In
contrast, further analysis of recordings collected by Wood-
bury and Scott (1995) showed that the mature regenerating
cutaneous and muscle afferents generally grew straight
across E12 muscle cells and continued growing on the
substrate again, with little change in direction (see Figs. 10
and 12 of Woodbury and Scott, 1995; Table 1).
Maturational changes in neurons vs maturational
changes in muscle cells. To distinguish whether these
differences in behavior were due to changes in the neurons
or changes in the muscle cells, or both, that occurred
between E5 and E10–E12, we observed interactions of naive
E5 neurons with myotubes from E12 embryos and interac-
tions of regenerating E10 neurons with E5 mandibular arch
FIG. 5. Time-lapse images of naive E5 sensory growth cones encountering muscle cells derived from mandibular arch (jaw adductor
muscles) of E5 embryos. (A) A cutaneous growth cone split upon contacting a jaw adductor muscle cell, and both neurites subsequently
crossed the muscle cell. (B) A muscle afferent growth cone crossed over a jaw adductor muscle cell. (C) A muscle afferent growth cone
retracted after contacting a muscle cell. (D) A cutaneous neurite grew along the edge of a muscle cell and eventually grew off the end of
the muscle cell without crossing. Note the field of view is shifted slightly between panels 3 and 4. Arrow indicates tip of growth cone.
Numbers indicate elapsed time in minutes. Scale bar is 20 mm.
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muscle cells. As summarized in Fig. 6 and Table 1, the
observed age-related differences in growth cone behavior
were due primarily to changes in the neurons rather than
the muscle cells. Naive E5 cutaneous and muscle afferents
responded similarly (i.e., heterogeneously) to E12 muscle
cells and often changed directions to grow obliquely across
the cells. In contrast, regenerating E10 cutaneous and
muscle afferents had distinctly different responses to E5
muscle cells. Moreover, regenerating axons that crossed
these young muscle cells did so with little change in
direction. Thus, maturational changes in cutaneous and
muscle afferents that occur sometime after target contact
are responsible for the differences in their response to target
muscle cells, independent of the age of the muscles them-
selves.
DISCUSSION
The major finding reported here is that naive trigeminal
cutaneous and muscle afferents cannot be distinguished by
their interactions with potential targets in vitro, whereas
their older, regenerating counterparts can. The growth cone
behaviors that we observed indicate that naive sensory
neurons cannot recognize or select the appropriate periph-
eral targets in vitro and suggest that trigeminal cutaneous
and muscle afferents may not have distinct identities dur-
ing their initial outgrowth to targets. In contrast, we have
previously shown, using the same assays, that mature,
regenerating trigeminal cutaneous and muscle afferents
respond quite differently to the tissues tested here, in
manners appropriate for their normal innervation patterns
FIG. 6. Bar graphs summarizing the outcome of encounters of sensory growth cones with muscle cells. (Top left) E5 cutaneous (DM-TG,
n 5 21) and muscle afferents (TMN, n 5 21) and E5 jaw adductor muscle cells. (Top right) E10 cutaneous (n 5 14) and muscle afferents (n 5
16) and E5 jaw adductor muscle cells. (Bottom left) E5 cutaneous (n 5 19) and muscle afferents (n 5 23) and E12 jaw adductor muscle cells.
(Bottom right) E10 cutaneous (n 5 18) and muscle afferents (n 5 18) and E12 jaw adductor muscle cells; data in this panel are replotted from
Woodbury and Scott (1995).
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in vivo (Woodbury and Scott, 1995). Consistent with the
idea that young sensory neurons do not have distinct
identities is the observation that shortly after target inner-
vation cutaneous and muscle afferents in DRG exhibit
similar responses to diffusible signals from potential targets
in vitro (Honig and Zou, 1995).
Interactions with muscle cells. The interactions of na-
ive cutaneous and muscle afferents with epidermis and
dermis resembled behaviors observed for older, regenerating
neurons (Woodbury and Scott, 1995). For example, most
naive cutaneous and muscle afferents retracted upon con-
tacting epidermis, although some simply sat at the edge of
the explant without growing on; similar behaviors were
exhibited by regenerating cutaneous and muscle afferents,
respectively. Further, naive cutaneous and muscle afferents
grew robustly on dermis, as did regenerating cutaneous (but
not muscle) afferents. In contrast, naive sensory neurons
exhibited novel interactions with muscle cells, behaviors
different from those observed for experienced (i.e., regener-
ating) sensory neurons. Naive neurons appeared to explore
the surface of muscle cells, growing along the edge of the
muscle cell and turning to maximize the time they con-
tacted the muscle cell while crossing. One possible expla-
nation for this behavior is that sensory growth cones were
sampling the cells, looking for appropriate targets—for
example, nascent intrafusal fibers—which may comprise
only a small fraction of muscle cells in our cultures (cf.
Copray et al., 1996). Nevertheless, most sensory axons
eventually crossed over muscle cells and continued growing
on the substrate.
Selection vs instruction. How and when sensory neu-
rons acquire their differentiated phenotypes are important
questions in developmental neurobiology. The findings
presented here, together with those of Woodbury and Scott
(1995), define a developmental time window in which there
is a measurable divergence in the phenotypes (as defined by
their behavior) of two populations of sensory neurons,
which in mature animals are anatomically and functionally
distinct. At E5 the behaviors of these two populations are
indistinguishable, whereas by E10 the behaviors are mark-
edly different. Several different mechanisms could explain
these observations. First, sensory neurons may already have
distinct identities prior to outgrowth, with both the dorso-
medial trigeminal ganglion and the trigeminal mesence-
phalic nucleus containing a mixture of cutaneous and
muscle afferents; sensory phenotypes appear to diverge
between E5 and E10 because neurons that differentiate in
the “wrong” nucleus or ganglion are eliminated via natu-
rally occurring cell death. An extreme alternative is that
sensory neurons initially have no obvious identity except
that of a sensory neuron; phenotypes diverge either as a
consequence of the neurons’ inherent developmental pro-
grams or in response to instructive signals from targets. An
intermediate possibility is that naive neurons may have
distinct identities but retain a high degree of plasticity,
such that they can readily switch phenotypes upon contact
with a novel target. At present we cannot distinguish
among these possibilities. However, we favor the explana-
tion that the target determines the differentiated character-
istics of a population of unspecified or very loosely specified
sensory neurons. The timing of target innervation by tri-
geminal sensory neurons (Corvell and Noden, 1989; von
Bartheld and Bothwell, 1993) is consistent with this possi-
bility. Moreover, other characteristics of sensory neurons,
such as the central projections of muscle afferents (Wenner
and Frank, 1995) and neuropeptide content (McMahon and
Gibson, 1987), are clearly regulated by their peripheral
connections.
Specification of sensory neurons. The present results
add to the growing body of literature which suggests that
sensory neurons, unlike motoneurons (Landmesser, 1992;
Eisen, 1994; Matise and Lance-Jones, 1996), may not have
distinct identities prior to axon outgrowth and target contact
(Williams and Ebendal, 1995; Pu¨schel et al., 1996; Rifkin et al.,
1996; White et al., 1996; Scott, 1998). If sensory neurons do
have discrete identities prior to axon outgrowth, they are
clearly less rigidly specified than motoneurons. For example,
sensory neurons make more “mistakes” than the correspond-
TABLE 1
Trajectory of Neurites That Crossed Muscle Cells
Muscle age Contact angle Crossing angle (n) Contact angle Crossing angle (n)
E5 DM-TG E5 TMN
E5 61.8 6 14.5 42.8 6 22.2** (16) 67.3 6 20.1 36.3 6 20.6*** (12)
E12 66.6 6 13.3 39.2 6 23.3*** (14) 69.6 6 14.3 49.4 6 26.0** (16)
E10 DM-TG E10 TMN
E5 67.3 6 14.8 56.5 6 26.0 (14) 67.1 6 18.6 62.9 6 22.1 (8)
E12 61.0 6 18.5 52.1 6 19.8* (17) 75.2 6 12.9 78.0 6 3.9 (5)
Note. DM-TG are cutaneous neurites; TMN are muscle afferents. Muscle cells were from mandibular arch (E5) or from jaw adductor
muscles (E12).
* P # 0.05; **P # 0.01; ***P # 0.001, paired t test.
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ing motoneurons (Lance-Jones and Landmesser, 1981; Wang
and Scott, 1997) when challenged to innervate their appropri-
ate muscles following a rostral shift of the limb bud. More-
over, when limb buds are removed entirely so as to deprive
both sensory and motoneurons of their usual targets, most
motoneurons die, whereas most DRG neurons survive by
innervating alternative, seemingly inappropriate targets (Cal-
dero´ et al., 1998).
Together these observations, including those presented
here, suggest that sensory neurons may have more flexibil-
ity in their pathway and target choices than do motoneu-
rons. Nevertheless, any ambiguities in the specification or
peripheral pathfinding capabilities of sensory neurons will
not decrease the precision with which sensory function is
established, since the central connections of sensory neu-
rons, which are established after target contact, should
always be precisely matched with, and appropriate for, the
peripheral targets (cf. Wenner and Frank, 1995). Thus,
during normal embryonic development sensory innervation
patterns may be determined more by spatial and temporal
constraints on axon growth than by active choices made by
predetermined populations of sensory neurons, a possibility
we are currently investigating.
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